Polyglutamine diseases, including spinocerebellar ataxia type 3 (SCA3), are caused by CAG repeat expansions that encode abnormally long glutamine repeats in the respective disease proteins. While the mechanisms underlying neurodegeneration remain uncertain, evidence supports a proteotoxic role for the mutant protein dictated in part by the specific genetic and protein context. To further define pathogenic mechanisms in SCA3, we generated a mouse model in which a CAG expansion of 82 repeats was inserted into the murine locus by homologous recombination. SCA3 knockin mice exhibit region-specific aggregate pathology marked by intranuclear accumulation of the mutant Atxn3 protein, abundant nuclear inclusions and, in select brain regions, extranuclear aggregates localized to neuritic processes. Knockin mice also display altered splicing of the disease gene, promoting expression of an alternative isoform in which the intron immediately downstream of the CAG repeat is retained.
Introduction
Spinocerebellar ataxia type 3 (SCA3), also known as MachadoJoseph disease, is the most common dominantly inherited ataxia and one of at least nine neurodegenerative diseases caused by polyglutamine-encoding CAG repeat expansions (1) . In SCA3, this expansion occurs in the ATXN3 gene which encodes the deubiquitinase ataxin-3 (ATXN3) (2) . Like other polyglutamine diseases, SCA3 is a disabling and ultimately fatal disorder characterized by selective degeneration in specific brain regions and age-dependent intraneuronal accumulation and aggregation of the mutant protein (3) (4) (5) . While neuronal inclusions formed by the disease protein may not be directly toxic in polyglutamine disease (6, 7) , evidence supports the view that inclusions are a marker for accumulated, misfolded polyglutamine protein that is proteotoxic and contributes to neuronal dysfunction and cell loss in disease (8) (9) (10) (11) (12) . Unfortunately, despite recent advances in understanding polyglutamine diseases, no preventive treatments are available for any of them.
Animal models have been instrumental in providing insight into polyglutamine disease pathogenesis and suggesting routes to potential therapy. Existing animal models of SCA3 have advanced the field in many ways, but all of them overexpress mutant ATXN3 above physiological concentrations (13) . While overexpression models are particularly good at recapitulating robust aggregation pathology and behavioral abnormalities, they may mask early molecular changes important to pathogenesis. Moreover, models overexpressing a single isoform of ATXN3 from cDNA do not permit investigations of the potential disease contribution of splicing changes in the mutant transcript. In contrast, 'knockin' models in which the CAG repeat expansion is inserted precisely into the endogenous murine locus have proved useful in understanding various aspects of polyglutamine disease (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) including altered splicing of mutant transcripts (20, 23) . For example, Sathasivam et al. (23) recently discovered that the CAG expansion in Huntington's disease knockin mice promotes aberrant splicing of the Htt transcript and the production of a truncated aminoterminal fragment of the disease protein, Htt. Genetically precise knockin mouse models express the mutant protein from the endogenous promoter in the proper genomic context, including all regulatory elements that influence mutant gene expression.
Knockin mouse models have been generated for most polyglutamine diseases, but none has existed for SCA3. Here, we report a SCA3 knockin mouse model, generated by replacing the endogenous murine CAG repeat with an 82 repeat CAG expansion. Expressing physiological levels of mutant Atxn3, the SCA3 knockin mice exhibit robust Atxn3 accumulation both in regions known to be affected in human disease (e.g. brainstem and cerebellum) and in regions not previously described (e.g. hippocampus). Intriguingly, SCA3 knockin mice also display altered splicing of the mutant Atxn3 transcript that results in the formation of a previously described alternative ATXN3 transcript in human disease (24) . We further show that CAG expansion results in similar altered splicing in another mouse model expressing the full-length human ATXN3 disease gene. In summary, the SCA3 knockin mouse model reported here recapitulates several important molecular features of disease and should facilitate the study of early pathogenic events in this polyglutamine disease.
Results

Generation of the SCA3 knockin mouse model and mutant Atxn3 expression
SCA3 is caused by CAG expansions ranging from ∼60 to 87 repeats in the ATXN3 gene (25) . We inserted a CAG repeat expansion at the upper end of this disease range into the endogenous murine Atxn3 locus on a C57BL/6 background ( Fig. 1A ; Supplemental Material, Fig. S1 ). By homologous recombination, we replaced the endogenous murine sequence CAA(CAG) 5 with (CAG) 2 (CAAAAG)(CAG) 82 which encodes 85 glutamines interrupted by a lysine at the fourth residue (i.e. Q3KQ82), replicating the polyglutamine stretch found in human mutant ATXN3 (24) . Polymerase chain reaction (PCR) across the endogenous CAG repeat confirmed successful insertion of the pathogenic expansion in heterozygous (Atxn3Q82/Q6) and homozygous (Atxn3Q82/ Q82) SCA3 knockin mice (Fig. 1B) . Sequencing of the intronic region upstream of the repeat expansion confirmed the removal of the neomycin cassette and the presence of the remaining FRT sequence (Supplemental Material, Fig. S2 ), and sequencing of exon 10, all of intron 10 and exon 11 did not reveal any differences compared with wild-type mice other than the expansion (data not shown). CAG repeat length sizing in offspring of heterozygous Atxn3Q82/Q6 mice revealed a modest tendency toward CAG repeat contraction upon maternal transmission of the mutant allele and stabilization or mild expansion upon paternal transmission (Fig. 1C) . Similar intergenerational repeat instability has been reported in other polyglutamine disease mouse models, including a transgenic mouse model of SCA3 (14, 18, 26, 27) .
Mutant Atxn3 is expressed widely throughout the SCA3 knockin mouse, including in brain, heart, liver, muscle and spleen (Supplemental Materials, Fig. S3 ). Western blot analysis of hindbrain lysates from 1-year-old Atxn3Q82/Q6 mice confirmed mutant Atxn3 expression in the brain, as well as aggregated Atxn3 protein in the stacking gel (Fig. 1D) . Electrophoresis of brain lysates from knockin mice on low percentage (3%) SDS-PAGE further illustrated a range of high-molecular-weight aggregate species (Fig. 1E) . Analysis of hindbrain lysates from homozygous knockin mice revealed exclusively mutant (expanded) Atxn3 expression with a corresponding loss of wildtype Atxn3, confirming that mutant Atxn3 is expressed from the endogenous allele (Fig. 1F) . The increased high-molecularweight aggregate species are consistent with detergent-resistant aggregates previously reported in an SCA3 transgenic mouse model (8, 28) . In heterozygous mice, the decreased intensity of mutant Atxn3 monomer compared with wild-type Atxn3 monomer is also consistent with the aggregation propensity of expanded polyglutamine proteins (29) .
Neuropathological and behavioral characterization of the SCA3 knockin mouse
To begin defining neuropathological changes in SCA3 knockin mice, we immunostained for Atxn3 in SCA3 knockin brain. Compared with other polyglutamine disease knockin mouse models in which CAG expansions within the human disease range often elicit relatively modest neuropathological findings (30-33), SCA3 knockin mice display comparatively robust aggregate pathology. In heterozygous mice, enhanced intranuclear staining for Atxn3 is present by 10 weeks in several neuronal populations, including the deep cerebellar nuclei (DCN) ( Fig. 2A) , and is often accompanied by small intranuclear puncta. We do not reliably detect immunohistochemical changes in Atxn3Q82/Q6 mice that are less than ∼6 weeks of age. One-year-old heterozygous knockin mice display more prominent intranuclear puncta, as well as more frequent solitary inclusions that are characteristic of the human disease (Fig. 2B) . Neuronal inclusions in the SCA3 knockin mice often co-localize with p62, an ubiquitin-binding protein implicated in autophagy and previously reported to localize to intranuclear inclusions in SCA3 disease brains (5, 34, 35) (Fig. 2C ; Supplemental Materials, Fig. S4 ).
SCA3 knockin mice display striking regional differences in mutant Atxn3 deposition. Table 1 qualitatively reports the intensity of diffuse nuclear staining and frequency of intranuclear inclusions in various brain regions in 1-year-old heterozygous mice (n = 4). Neurons of the hindbrain, including the DCN and several brain stem nuclei, which are known to be vulnerable targets in the human disease, show strong diffuse nuclear staining that is often accompanied by multiple intranuclear puncta and less frequently by distinct solitary large inclusions. In contrast, neurons of the forebrain, including the hippocampus, cortex and striatum, have moderately increased diffuse nuclear staining with frequent solitary intranuclear inclusions. Despite widespread aberrant accumulation of mutant Atxn3, including in the hindbrain, 1-year-old Atxn3Q82/Q6 mice (n = 9) performed equally well as age-matched wild-type mice (n = 10) on various motor tasks (Fig. 2D) . Examination of cresyl violet-stained brains of 1-year-old Atxn3Q82/Q6 mice (n = 3) did not reveal obvious degenerative changes in any brain regions. For example, a close examination of the DCN, a region known to be consistently affected in SCA3, did not suggest neuronal loss at 1 year of age (Supplemental Material, Fig. S5 ).
We also observed striking extranuclear neuronal aggregates in select brain regions, summarized in Table 1 . In 1-year-old knockin mice, for example, ubiquitin-positive extranuclear inclusions are especially abundant in the stratum radiatum of the hippocampus, which also shows frequent ubiquitin-positive intranuclear inclusions in pyramidal neurons ( Fig. 3A and B) . Extranuclear inclusions are also present in the subiculum, central amygdala and bed nucleus of the stria terminalis. Extranuclear inclusions in the hippocampus often co-localize with anti-MAP2 and SMI32 antibodies, suggesting that they reside in dendrites (Fig. 3C) . At 3 months of age, they are detected as small puncta in the hippocampal neuropil and grow over time into large, often irregular structures by 1 year of age. In a 2-year-old Atxn3Q82/Q6 mouse, many of these large inclusions co-localized with reticulon-3 (RTN3), a potential marker for dystrophic neurites (36, 37) (Fig. 3D ). We also examined soluble lysates of SCA3 knockin mouse hindbrain and hippocampus by western blot, but did not detect regional differences in levels of soluble, monomeric mutant Atxn3 or of high-molecular-weight, aggregated Atxn3 species (Supplemental materials, Fig. S6 ).
The presence of robust hippocampal pathology prompted us to perform a test of fear conditioning to shock, which broadly assesses hippocampal-and amygdala-dependent memory consolidation (38) . We did not observe significant differences in freezing to context or tone in 1-year-old Atxn3Q82/Q6 mice (n = 9) compared with wild-type littermates (n = 9) (Fig. 3E) . All SCA3 knockin mice tested in this experiment were later confirmed to contain extensive extranuclear aggregates in the hippocampus and central amygdala nucleus (Supplementary material, Fig. S7 ). In summary, SCA3 knockin mice exhibit robust aggregate pathology throughout the brain upon physiological expression of polyglutamineexpanded Atxn3 and thus are well suited to explore the early molecular changes contributing to disease pathogenesis.
Alternative processing of mutant ataxin-3 transcript in SCA3
Many polyglutamine diseases and mouse models of disease are associated with transcriptional changes that may contribute to disease pathogenesis (39, 40) . To identify early transcriptional and splicing changes in SCA3 knockin mice, including potential alterations in the Atxn3 transcript itself, we performed RNAsequencing on a vulnerable brain region in SCA3, the pons, from 6-month-old wild-type (n = 7) and homozygous SCA3 knockin mice (n = 7). A full analysis of transcriptional changes will be reported later. In this study, we focus on intriguing differences noted in expression of the Atxn3 transcript itself.
The human ATXN3 and murine Atxn3 genes both contain 11 exons, with the CAG repeat residing in exon 10. At least two major ATXN3 transcript variants are expressed in humans: a full-length, 11 exon ATXN3 (ATXN3-11e) transcript that contains the entire ATXN3 protein coding sequence, and a 10 exon (ATXN3-10e) transcript that retains intron 10 and lacks exon 11 (24, (41) (42) (43) (Fig. 4A) . The ATXN3-11e transcript (RefSeq NM_004993) encodes the ATXN3 isoform MJD1c (41, 44) , whereas the ATXN3-10e transcript (RefSeq S75313), initially identified by Kawaguchi et al. when they reported the disease mutation in SCA3 (24), encodes isoform MJD1a or MJD1b depending on a polymorphism that alters the location of the stop codon. In this study, we refer to these transcripts and corresponding protein isoforms by the number of exons (10e and 11e). We previously reported that ATXN3-11e is normally the most abundantly expressed isoform in the brain and that the less abundant ATXN3-10e isoform is more unstable and aggregation-prone in cell models (45) . The unstable, aggregation-prone nature of ATXN3-10e may reflect the presence of a C-terminal hydrophobic domain that is encoded by read-through into the intron downstream of exon 10 ( Fig. 2A) . This domain is absent from ATXN3-11e, which instead ends with a domain containing an ubiquitin-interacting motif.
Unexpectedly, comparison of aligned RNA sequencing reads (46, 47) revealed markedly elevated reads into intron 10 of Atxn3 in SCA3 knockin mice, whereas few intronic reads were present in wild-type mice (Fig. 4B ). These increased reads continue ∼300 bp into intron 10, ending near a putative polyadenylation site (ATTAAA) and suggesting that the transcript could terminate and become polyadenylated at this site. Indeed, 3′ RACE on Atxn3Q82/Q6 mouse RNA to the beginning of intron 10 revealed an ∼300 bp band, which sequencing confirmed is a putative Atxn3-10e transcript polyadenylated at this predicted polyA site in intron 10 ( Fig. 4C) . Importantly, despite the increased expression of the Atxn3-10e transcript, SCA3 knockin mice still express the Atxn3-11e variant. RNA-sequencing reads containing exon 11 and the established Atxn3 3′ UTR appear to be equally present in wild-type and SCA3 knockin mice (Fig. 4D ): normalized levels (fragments per kilobase of exon per million fragments mapped, FPKMs) of predicted full-length Atxn3-11e transcript (accession NM_029705.3) did not differ significantly between wild-type and mutant mice (Fig. 4E) . Except for the differences noted at the exon 10/intron 10 junction, we did not observe striking or consistent changes in reads across the entire Atxn3 gene (Supplemental Material, Fig. S8 ).
To further quantify Atxn3-10e transcript levels in SCA3 knockin mice, we performed quantitative PCR (qPCR) on reverse-transcribed RNA from brain using primers against the exon 10/intron 10 junction. We also separately performed qPCR using primers that amplify only exon 10 to estimate total (exon 10-containing) Atxn3 transcript levels (as diagrammed in Fig. 5A ). Atxn3-10e transcript levels proved to be markedly increased in 3-month-old Atxn3Q82/Q6 mice compared with age-matched wild-type mice, whereas total exon 10-containing transcripts (i.e. 10e and 11e variants combined) showed a more modest upregulation in knockin mice (Fig. 5B ). In addition, we found that Atxn3-10e transcript levels were still further elevated in a homozygous Atxn3Q82/Q82 mouse, which also shows enhanced nuclear accumulation of Atxn3 (Supplemental Material, Fig. S9 ). The basis for the upregulation of total Atxn3 transcript in SCA3 knockin mice is not clear but may reflect differences in the regulation of Atxn3-10e and Atxn3-11e transcripts since they utilize different 3′UTRs. We also cannot exclude the possibility that the manipulation of the endogenous murine Atxn3 gene, including the presence of the FRT site, alters its expression.
To determine whether the increased levels of this alternative isoform reflect the presence of a CAG expansion, we investigated an independent SCA3 mouse model: YAC transgenic mice that express the full human ATXN3 gene with either a normal repeat (ATXN3Q15) or an expanded repeat (ATXN3Q84) (48). Employing qPCR with primers against ATXN3 (Fig. 5A) , we observed significantly elevated ATXN3-10e transcript levels in the pons of ∼5-month-old ATXN3Q84-YAC mice compared with agematched ATXN3Q15-YAC mice (Fig. 5C ). These results suggest that CAG repeat expansions are associated with increased production of the ATXN3-10e transcript. To further explore this possibility, we analyzed ATXN3 transcripts in fibroblasts derived from SCA3 patients (n = 6) or non-disease controls (n = 4) (Fig. 5D ).
By qPCR, however, ATXN3-10e transcript expression levels did not differ significantly between disease and control fibroblasts.
To verify that the ATXN3/Atxn3-10e transcripts observed above contain the rest of the N-terminal protein coding sequence, we performed non-qPCR using primers to amplify from exon 1 to intron 10 ( Fig. 5A) on the same reverse-transcribed RNA preparations described above. We note that this PCR is non-quantitative because large GC-rich repeats (i.e. expanded CAG repeats) are poorly amplified by the polymerase. PCR amplified a single band from Atxn3Q82/Q6 mice but none from wildtype mice (Fig. 5E ). Sequencing confirmed this band to be Atxn3-10e cDNA containing the first 10 exons followed by read through into intron 10. Thus, SCA3 knockin mice express the full Atxn3-10e transcript with a CAG repeat expansion, analogous to the ATXN3-10e transcript in humans. Importantly, non-qPCR showed that the complete ATXN3-10e transcript is also expressed in YAC mice expressing normal or expanded ATXN3, in three of four control fibroblast lines, and in all SCA3 disease fibroblast showing the 10 exon-containing ATXN3 transcript (right) generated from retention of intron 10, which encodes a hydrophobic segment that may accelerate mutant ATXN3 aggregation. (B) RNA-sequencing on the pons of Atxn3Q82/Q82 mice shows elevated reads in intron 10 following the CAG repeat-containing exon 10. Genomic sequence near the end of the reads in intron 10 (boxed) contains a putative polyadenylation ( polyA) site ATTAAA (underlined). (C) 3′ RACE in an Atxn3Q82/Q6 mouse amplified a 300 bp band containing this putative polyA site (underlined) followed by a polyA tail (black, bold). (D) Wild-type and homozygous Atxn3Q82/Q82 mice showed similar frequency of sequencing reads in exon 11 and the 3′ UTR of the SCA3 knockin mice. (E) Levels of predicted full-length Atxn3 transcript from the RNAsequencing (FPKMs) do not significantly differ between wild-type (n = 7) and Atxn3Q82/Q82 mice (n = 7). Graph represents mean + SD. lines, including from the non-expanded allele ( Fig. 5F and G) . The one control line that did not produce a detectable PCR signal (lane 3) showed reduced levels of total RNA by qPCR, which may prevent detection of the less abundant ATXN3-10e transcript by PCR. This sample demonstrated proportionally lower levels of ATXN3-10e, total ATXN3 and ACTB transcripts. PCR amplification from ATXN3 exon 7-11 demonstrated that ATXN3-11e is present in this and all other fibroblast lines (Fig. 5G) .
The expression of the ATXN3-10e transcript even in normal human fibroblasts suggests that the relatively larger CAG repeat length of the normal human ATXN3 gene (20-42 repeats) may support the production of the ATXN3-10e transcript. In contrast, wild-type mice, which have a CAG repeat of only five repeats, show nearly undetectable levels of Atxn3-10e transcript, leading to a dramatically higher fold change in the SCA3 knockin mice.
Tissue-specific differences could further mask CAG repeatdependent splicing changes in SCA3 fibroblasts.
Discussion
The SCA3 knockin mouse reported here expresses mutant Atxn3 with an expansion in the human disease range and exhibits robust accumulation and aggregation of mutant Atxn3 in the brain, detected biochemically and immunohistochemically. In addition to replicating the intranuclear accumulation and inclusions described in human disease tissue, SCA3 knockin mice also develop extensive neuritic aggregates in select brain regions, most notably the hippocampus. SCA3 knockin mice harboring a CAG expansion also display marked retention of intron 10 in Atxn3 transcripts, a finding we confirmed in an independent mouse model of SCA3 expressing the full human disease gene. Based on these results, the SCA3 knockin mouse model reported here represents an important addition to existing models of disease that should prove particularly useful for the study of early molecular changes including mutant protein aggregation and alternative splicing.
Despite only modest expression of the mutant protein from the endogenous locus, SCA3 knockin mice manifest relatively early signs of Atxn3 accumulation in the brain, including increased concentration in neuronal nuclei and the formation of intranuclear puncta and larger inclusions. Atxn3 accumulation is noted especially in neurons of the hindbrain known to be affected in SCA3, such as DCN and brainstem neurons (49) . Nuclear localization of the mutant protein is believed to contribute to disease pathogenesis in various polyglutamine diseases including SCA3 (50) (51) (52) , and this new model could facilitate the study of factors acting early to regulate nuclear trafficking and handling of mutant Atxn3. The knockin mouse model also should assist the dissection of posttranslational modifications occurring to mutant Atxn3 in vivo including proteolytic cleavage, phosphorylation and ubiquitination, as well as their impact on disease protein behavior.
SCA3 knockin mice also develop striking neuritic inclusions, particularly in the synapse-rich stratum radiatum of the hippocampus. The mechanisms driving the formation of these aggregates remain unclear. Deficits in trafficking and/or handling of misfolding proteins in the distal reaches of pyramidal neurons may precipitate the formation of inclusions in subcellular compartments far removed from clearance mechanisms concentrated in the cell soma. Alternatively, neuritic aggregates could arise as a consequence of neuronal activity, which has been proposed to promote cleavage and aggregation of mutant ATXN3 at synapses (53) . While the hippocampus is not considered a major disease target in SCA3, the study of the anatomically layered and easily accessible hippocampus could provide unique opportunities to study misfolded protein handling in axons and dendrites. Furthermore, an increasing number of studies report cognitive dysfunction in SCA3, which may reflect forebrain pathology (54) (55) (56) . Axonal and cytoplasmic inclusions have been reported in SCA3 (57), but the extent to which they affect neuronal function is unknown. Future studies on the formation of extranuclear aggregates in SCA3 knockin hippocampus may provide insight into the handling of misfolded protein in neurites. Our findings also underscore the need for further pathological characterization of SCA3 disease tissue, including of the cortex and hippocampus.
The absence of behavioral deficits and overt neuropathological changes in heterozygous SCA3 knockin mice despite prominent disease protein aggregation is perhaps not surprising given the low-level, physiological expression of the Atxn3 disease gene. Knockin mice with CAG repeat lengths in the human disease range, as in this study, often display mild or no behavioral deficits (18, 30, 31, 58) . For example, SCA1 78Q knockin mice manifested mild abnormalities only when homozygous for the mutant allele (18) . It will be important to look for motor deficits and molecular markers of degenerative change in aged homozygous SCA3 knockin mice, which we are in the process of generating. The absence of an overt behavioral phenotype in this and many other age-related neurodegenerative disease models highlights the point that such models are best at providing insight into pathogenic mechanisms that precede neuronal loss.
Intriguingly, SCA3 knockin mice exhibit altered splicing of the mutant Atxn3 transcript, mirroring the formation of a known alternative ATXN3 transcript in humans (24) . Increased retention of intron 10 in mutant Atxn3 transcripts parallels the findings of Sathasivam et al., who observed the retention of intron 1 in mutant Htt transcripts following the CAG repeat-containing exon 1 in a knockin mouse model of HD and suggested that differential binding of splicing factors mediates aberrant splicing of the mutant transcript (23, 59) . Alternatively, differences in the kinetics of transcription through an expanded repeat may shift polyadenylation site usage (60) (61) (62) . Shared mechanisms across polyglutamine diseases may dictate aberrant splicing of CAG repeat-containing transcripts, potentially producing more toxic isoforms of disease proteins in several polyglutamine disorders. We previously reported that even a non-expanded form of the ATXN3-10e variant is more aggregate-prone and less stable than the full-length isoform, suggesting that the higher hydrophobicity of the C-terminus encoded by translational readthrough into intron 10 increases overall aggregation propensity (45) . If identified, factors that shift splicing to favor production of the full-length (i.e. 11e) ATXN3 isoform might represent targets through which to lessen mutant protein aggregation. The SCA3 knockin mouse should facilitate studies to identify such factors.
Unfortunately, the high degree of similarity between the 10e and 11e ATXN3 isoforms raises challenges in distinguishing the two encoded proteins. We previously showed that these two isoforms have slightly different electrophoretic properties, but were unable to distinguish the ATXN3-10e isoform from ATXN3-11e isoform in ATXN3Q84-YAC mice (45) . In addition, decreased solubility of the ATXN3-10e isoform may impede its detection by conventional biochemical methods. While both the ATXN3-11e and ATXN3-10e transcripts are presumably made in the human brain, their relative abundance in the SCA3 disease brain is not known. Future studies will be needed to quantify the expression of alternative ATXN3 transcripts and ATXN3 protein isoforms in human brain in order to determine their relative contribution to disease pathogenesis.
Materials and Methods
Generation of SCA3 knockin mice
Genomic murine Atxn3 DNA from a C57BL/6-tyr(c-2J) albino embryonic stem (ES) cell line (Millipore, Cat SCR011) was used to amplify a 4 kb upstream flanking arm derived from intron 9 to 10 and a 2.6 kb downstream flanking arm that spans exon 10. NotI and SalI restriction sites were engineered to flank the upstream flanking arm and a novel KpnI restriction site was engineered onto the 5′ end of the downstream flanking arm (Supplemental Material, Fig. S1 ). The 5′ flanking arm was then subcloned into pBY49a upstream of an FRT-PGK-Neo-FRT-positive selection cassette. The 3′ flanking arm was subcloned into pBluescript SK (−) and the CAG repeat was expanded using a modified QuickChange approach (63) . Briefly, a human-expanded CAG template (At3-Q129-GFP and At3-Q166-GFP) was amplified with partially complementary primers to generate an expanded (CAG)n 'megaprimer' flanked by murine genomic sequence. This doublestranded megaprimer was used to insert an expanded (CAG)n repeat into the Atxn3 gene using the QuickChange Mutagenesis method (Stratagene). One clone generated was chosen for additional repeat expansion through splicing by overlap extension (64) . We inserted the 3′ flanking arm from one clone of the megaprimer expansion series, which contained a Q3KQ82-encoding expansion, into the targeting vector between the FRT-PGK-Neo-FRT-positive selection cassette and the PGK-TK-negative selection cassette, using KpnI and EcoRI restriction sites (Supplemental Materials, Fig. S1 ).
The complete targeting vector was purified with NdeI and electroporated into Bruce4.G9 ES cells (65) . G418 and ganciclovir selection were used to enrich for ES cell colonies with the positive selection cassette and loss of the negative selection cassette (Fig. 1A) . Each colony was screened for homologous recombination and CAG repeat expansion by PCR-and Southern blotbased strategies. ES cell clones containing the expansion and confirmed to be sufficiently euploid were microinjected into homozygous albino B6(Cg)-Tyr<c-2J>/J blastocysts. Microinjected blastocysts were introduced then into the uterine horns of pseudopregnant female mice. Chimeras were crossed to albino B6(Cg)-Tyr<c-2J>/J mice, and all black pups were assayed for germline transmission of the knockin allele by PCR.
For in vivo excision of the FRT-site flanked-positive selection cassette, F1 heterozygous knockin animals were crossed with homozygous FLP recombinase transgenic mice driving FLPe expression under the human β-actin promoter (Jackson Laboratories, strain B6.Cg-g(ACTFLPe)9205Dym/J). F2 mice positive for the Q82 knockin expansion were crossed with C57BL/6 mice (Jackson Laboratories) to remove the FLPe transgene and outbred for at least four generations. SCA3 knockin mice were submitted to Jackson Laboratories (strain B6.Cg-Atxn3(tm1hlp)/J).
Genotyping and CAG repeat sizing 
Tissue lysate preparation, SDS-PAGE, SDS-agarose and western blot analyses
Tissue lysates were prepared as previously described (8) with minor modifications. Briefly, frozen tissue was homogenized in 10 vol RIPA + protease inhibitor (PI) cocktail containing RIPA buffer (50 m Tris-HCl, pH 7.4, 150 m sodium chloride, 0.1% SDS, 0.5% sodium deoxycholate, 1% NP-40) and PIs (Complete Mini Tablets, Roche). Homogenates were centrifuged at 1500g for 15 min at 4°C, and supernatants (soluble fraction) was transferred to a new tube and assayed for protein concentration using bicinchoninic acid (Pierce). The soluble fractions were diluted to a final concentration of 4 μg/μl in RIPA + PI + 6× loading buffer (ingredients), and boiled for 5 min. Samples were separated by 10 or 3% of SDS-PAGE, transferred onto polyvinylidene fluoride membrane (PVDF) and blotted as previously described (8) . The 3% gel was transferred onto PVDF using the Bio-Rad TransBlot SD semi-dry apparatus on 10 V for 30 min. Antibodies: 1H9 1 : 2000, anti-MJD 1 : 10 000, β-tubulin 1 : 5000 (Cell signaling).
Immunohistochemistry, immunofluorescence and scoring Atxn3 accumulation
Mice were transcardially perfused with chilled PBS and the brains removed. One hemisphere was fixed in 4% paraformaldehyde at 4°C for 48 h and the other hemisphere was frozen on dry ice and stored in −80°C for biochemical experiments. Fixed brains were transferred to 30% sucrose in 0.1  phosphate buffer for at least 48 h at 4°C. Brains were then serially sectioned and stained as previously described (8) . Antibodies include anti-ataxin-3 clone Three heterozygous SCA3 knockin brains immunohistochemically stained for Atxn3 were systematically scored for diffuse nuclear staining, intranuclear inclusions and extranuclear inclusions. Staining patterns indistinguishable from wild-type mice were scored as −. The presence of diffuse nuclear staining was represented by + or ++. Frequency of solitary intranuclear inclusions or extranuclear inclusions were scored by +, ++ or +++. Intranuclear versus extranuclear inclusions were further confirmed by co-immunofluorescent staining with nuclear DAPI. Examples of scoring diffuse nuclear staining and intranuclear inclusions are shown in Supplemental Material, Figure S4 .
Motor behavior tasks and fear conditioning
The examiner was blinded to the genotype in all behavioral experiments. Motor function was assessed on SCA3 knockin mice using tests as previously reported (67), including performances on accelerating rotarod, balance beam and locomotor activity in an open field chamber for 30 min. We tested female Atxn3Q82/Q6 (n = 9) and wild-type (n = 10) mice ranging from 47 to 57 weeks of age. The average weight ± ***SEM of the Atxn3Q82/Q6 mice and wild-type mice were 24.9 ± 0.34 and 22.8 g ± 0.82, respectively. Atxn3Q82/Q6 mice were slightly, but significantly, heavier than wild-type mice. CAG repeat sizes for the tested mice ranged from 79 to 87, but found no correlation between repeat length and performance on these tasks.
Fear conditioning was performed on Atxn3Q82/Q6 mice (n = 7 males and 2 females) and wild-type littermates (n = 7 males and 2 females) ranging from 52 to 60 weeks of age using the protocol previously described for single-day experiments (68) . These mice were then sacrificed and examined for aggregates in the hippocampus and amygdala.
RNA extraction, RNA-sequencing, qPCR and 3′ RACE RNA was extracted from pons or half of the hindbrain of wildtype and SCA3 knockin mice using TRIzol ® (Life Technologies) and further purified using the RNeasy kit with on-column DNase I digestion (Qiagen). Purified RNA was submitted to the University of Michigan Bioinformatics Core for library generation and Illumina-Solexa RNA-sequencing. The sequencing reads for each mouse were aligned using TopHat and the output was sorted and indexed using SAMtools to generate a BAM file. We visualized Atxn3 transcript reads in each BAM file using Integrative Genomics Viewer (46, 47) . FPKMs reported for the full-length Atxn3 transcript (accession NM_029705) were created by CuffLinks. We used a locally developed R script, in conjunction with CummeRbund, to output a table of all expression values (raw, externally normalized and FPKM). DNase I-treated RNA samples from six SCA3 fibroblast lines and one non-disease control fibroblast line were kindly provided by Dr Guangbin Xia and Dr Tetsuo Ashizawa (University of Florida, Gainesville, FL, USA). RNA was also isolated from three additional non-disease fibroblast lines that were graciously provided by Dr Eva Feldman (University of Michigan, Ann Arbor, MI, USA).
For qPCR, 1 μg of RNA was reverse-transcribed using iScript™. 0.5 μl was used with the SYBR ® Green Master Mix and each reaction was performed in duplicate. qPCR was performed on the Bio-Rad iCycler with MyIQ single color real-time PCR detection system module with the following parameters: 95°C at 3 min, (95°C 10 s, 55°C 30 s) × 40, 95°C 1 min, 55°C 1 min. The fold change in transcript levels was calculated using the ΔΔC t method (69) . Gapdh and ACTB were used as controls for SCA3 knockin mice and patient fibroblasts, respectively. TRIP11 was used for the SCA3 YAC mice (48) , since the ATXN3Q15-YAC and ATXN3Q84-YAC mice contain different numbers of the same integrated YAC construct, which also expresses the human TRIP11 gene. 3′RACE was performed on 2 μg of RNA from an Atxn3Q82/Q6 mouse hindbrain per the manufacturer's instructions (Life Technologies). 3′ RACE products were run on an agarose gel and the 300 bp band of interest was extracted, TA-cloned (Life Technologies) and sequenced. The primers used for RT-PCR and 3′RACE are listed below.
Primers
Statistical analyses
Statistics were performed with Prism ® software (San Diego, CA, USA). For motor behavior results, statistical significance was analyzed between wild-type and SCA3 knockin mice using a Student's t-test with a Bonferroni post hoc correction considering the three different behavior tasks on the same group of mice. Freezing to context and all qPCR were analyzed by an unpaired t-test. Freezing to tone was analyzed using a one-way ANOVA.
Ethical use of animals
All mice are maintained by veterinarians and animal care staff from the University of Michigan Unit for Laboratory Animal Medicine. All manipulations and handling were performed in strict accordance with guidelines set forth by the University of Michigan Committee on Use and Care of Animals.
Supplementary Material
Supplementary Material is available at HMG online. 
